Reversible or phenotypic tolerance to antibiotics within microbial populations has been implicated in treatment failure of chronic infections and development of persister cells. However, the molecular mechanisms regulating phenotypic drug tolerance are largely unknown. In this study, we identified a four-gene operon in Streptococcus pneumoniae that contributes to phenotypic tolerance to vancomycin (ptv). RNA sequencing, quantiative reverse transcriptase PCR, and transcriptional luciferase reporter experiments revealed that transcription of the ptv operon (consisting of ptvR, ptvA, ptvB, and ptvC) is induced by exposure to vancomycin. Further investigation showed that transcription of the ptv operon is repressed by PtvR, a PadR family repressor. Transcriptional induction of the ptv operon by vancomycin was achieved by transcriptional derepression of this locus, which was mediated by PtvR. Importantly, fully derepressing ptvABC by deleting ptvR or overexpressing the ptv operon with an exogenous promoter significantly enhanced vancomycin tolerance. Gene deletion analysis revealed that PtvA, PtvB, and PtvC are all required for the PtvR-regulated phenotypic tolerance to vancomycin. Finally, the results of an electrophoretic mobility shift assay with recombinant PtvR showed that PtvR represses the transcription of the ptv operon by binding to two palindromic sequences within the ptv promoter. Together, the ptv locus represents an inducible system in S. pneumoniae in response to stressful conditions, including those caused by antibiotics. IMPORTANCE Reversible or phenotypic tolerance to antibiotics within microbial populations is associated with treatment failure of bacterial diseases, but the underlying mechanisms regulating phenotypic drug tolerance remain obscure. This study reports our finding of a multigene locus that contributes to inducible tolerance to vancomycin in Streptococcus pneumoniae, an important opportunistic human pathogen. The vancomycin tolerance phenotype depends on the PtvR transcriptional repressor and three predicted membrane-associated proteins encoded by the ptv locus. This represents the first example of a gene locus in S. pneumoniae that is responsible for antibiotic tolerance and has important implications for further understanding bacterial responses and phenotypic tolerance to antibiotic treatment in this and other pathogens. -R. 2017. Transcriptional repressor PtvR regulates phenotypic tolerance to vancomycin in Streptococcus pneumoniae.
I nherited microbial resistance to antibiotics has posed serious challenges to treatment of infections caused by numerous bacterial pathogens (1) . Inherited or genotypic resistance is caused by generation of endogenous resistance mutations or acquisition of exogenous resistance genes (2) . Bacteria can also withstand lethal concentrations of bactericidal antibiotics through formation of reversible or phenotypic drug-tolerant cells (3) (4) (5) , which has been implicated in undesirable outcomes in treating bacterial infections (4, 6, 7) . Phenotypically tolerant cells were originally identified in penicillintreated Staphylococcus aureus infections by Joseph Bigger, and the bacteria were referred to as persister cells (8) . Persisters represent small fractions of nongrowing cells in bacterial populations that are refractory to the killing actions of antibiotics (9) . In contrast to antibiotic-resistant bacteria, persisters are genetically identical to their siblings that are otherwise susceptible to the antibiotic. Persisters have been described in many other pathogenic bacteria (10) .
The current understanding of phenotypic antibiotic tolerance is mainly based on studies of persisters in Escherichia coli (9, 10) . The formation of persisters can be a result of a stochastic switch in metabolic status (3, (11) (12) (13) . A number of additional factors have been shown to induce the formation of persister cells, such as DNA damage (14) , oxidative stress (15, 16) , indole signaling (17) , antibiotics (14, 18, 19) , and starvation (13, 20, 21) . Many of these factors induce bacterial persistence by inhibiting translation through the activities of toxin-antitoxin (TA) systems (10, 21) . Gram-positive bacteria have also been documented to develop phenotypic tolerance to antibiotics (22) , but the mechanisms are poorly understood. The GraSR two-component system is required for colistin-induced reversible tolerance of S. aureus to vancomycin (23) . It is likely that GraSR can regulate the surface charge of S. aureus via D-alanylation of teichoic acids and lysinylation of phosphatidylglycerol and thus enable bacterial resistance to cationic antimicrobial peptides (24, 25) . Also, ATP depletion is associated with persister formation in S. aureus (22) . LexA, a DNA-binding protein that represses the SOS response in bacteria, is involved in the formation of Streptococcus mutans persisters induced by the competence-stimulating peptide (CSP) (26) . Lastly, Streptococcus pneumoniae (pneumococcus) exhibits phenotypic tolerance to vancomycin and penicillin in a capsuledependent fashion (27) , and this tolerance is epigenetically inherited by daughter cells (28) . Along this line, prior exposure of S. pneumoniae to erythromycin induces phenotypic tolerance to vancomycin (29, 30) . However, the genetic basis of phenotypic tolerance to antibiotics in S. pneumoniae remains to be defined.
S. pneumoniae naturally resides in the nasopharynx of humans and also causes multiple infections (e.g., pneumonia, otitis media, and meningitis) (31) . Pneumococcal disease is estimated to result in up to 1 million deaths globally every year (32, 33) . Global emergence of pneumococcal strains resistant to ␤-lactams and other antibiotics has made it increasingly difficult to treat invasive diseases caused by S. pneumoniae, particularly meningitis (34) (35) (36) . Vancomycin is regarded as an antimicrobial agent of last resort to treat pneumococcal meningitis, because no vancomycin-resistant pneumococcal strain has been reported to date (34) . However, pneumococcal isolates with inherited vancomycin tolerance have been described in multiple countries (37) . This phenomenon is associated with the polysaccharide capsule (27, 38) , activity of the LytA autolysin (27, 38, 39) , and the CiaR/CiaH two-component regulatory system (38) . Previous studies in animal models by Harry Eagle showed that curing infections caused by S. pneumoniae and several other pathogens with penicillin depended on the infection dose and duration of the infection (40) (41) (42) , suggesting a significant impact of bacterial tolerance to the drug on the treatment outcome, a phenomenon also referred to as "drug indifference" (4) . Haas et al. reported that transient exposure of pneumococci to a lethal concentration of vancomycin led to significant alterations in the transcription of 175 genes (43) . Among these genes was a cluster of four neighboring genes with unknown functions (SP97 to SP100 in type 4 strain TIGR4 and SPD_93 to SPD_96 in Avery strain D39) which were cotranscribed, as described in this study, and named the ptv operon. We confirmed the previous result that exposure of S. pneumoniae to vancomycin significantly the ptvR mutant strain by 2.5-fold ( Fig. 2A ). Since the ptvA, ptvB, and ptvC genes showed the most dramatic changes in the ptvR mutant strain, we focused on these genes in the following experiment. This result was subsequently verified by qRT-PCR. In line with the RNA-Seq data, the ΔptvR strain showed significantly higher levels of transcription of ptvA (18.6-fold), ptvB (27.5-fold), and ptvC (24.3-fold) than observed with the parental strain ( Fig. 2B ).
We further tested the transcriptional impact of PtvR on the ptv locus via a luciferase transcription reporter construct (47) . The firefly luciferase gene (luc) was fused to the 3= end of ptvC in the presence (strain TH9753) or absence (strain TH9754) of ptvR. While both the ptvR ϩ (TH9753) and ptvR-deficient (TH9754) strains had similar growth patterns, the latter displayed approximately 10-fold more luciferase expression from the ptv promoter than the former in all growth phases ( Fig. 2C ), thus confirming a repressive role of PtvR in regulating transcription of the ptv locus. We further verified this observation by trans expression of ptvR in the luc reporter strains. The second copy of ptvR was inserted at the bgaA locus and driven by a zinc-inducible promoter (P Zn2ϩ ). In strain TH9755, which possesses the endogenous ptvR gene along with the inducible ptvR gene (Fig. 2D ), addition of the inducer Zn 2ϩ led to a substantial reduction of luciferase activity. This result showed not only that the merodiploid copy of ptvR was . Diagram of the ptv locus in strain D39. The nucleotides between two adjacent genes are marked in base pairs; negative numbers indicate that the nucleotides are shared by the coding regions of two genes. (B) mRNA levels of the ptv genes in S. pneumoniae D39 before and after vancomycin treatment. Mid-log-phase cultures were mixed with vancomycin to a final concentration of 5 g/ml; portions of the mixtures were removed 10 or 20 min later for extraction of total RNA and measurement of the mRNA level for each of the four genes by qRT-PCR. The results from one of three independent experiments are shown, with mRNA levels of each target gene immediately before (0 min) and after (10 and 20 min) the addition of vancomycin. The results represent the relative gene transcription levels of vancomycin-treated cells (10 or 20 min) after normalization of their mean cycle threshold values to those of untreated cells (0 min), as described in Materials and Methods. ***, P Ͻ 0.001. (C) Detection of cotranscription in the ptv locus. The mRNA molecules covering the intergenic sequences of neighboring genes were amplified by RT-PCR in the presence (ϩRT) or absence (-RT) of reverse transcriptase and separated by DNA electrophoresis. The sizes of the molecular standards are indicated. able to repress the transcription of the ptv locus but also that the genes in this locus are not completely turned off at the transcriptional level under our experimental conditions. Consistently, trans expression of ptvR in strain TH9756, which lacks the endogenous ptvR gene ( Fig. 2E ), repressed the transcriptional activity of the ptv promoter. It should be noted that, prior to the addition of the inducer (i.e., 0 min), the luciferase activity in TH9755 (with the endogenous ptvR gene) ( Fig. 2D ) was approxi- mately 10-to 15-fold lower than in strain TH9756 (without the endogenous ptvR gene) ( Fig. 2E ), which is consistent with the role of PtvR as a transcriptional repressor.
Lastly, we verified transcriptional repression of PtvR in the ptv locus at the protein level. We restored the ΔptvR strain (TH5031) by trans complementation with pTH6862, a pIB166 derivative containing the intact ptvR gene driven by the promoter of the spxB gene (P-spxB, a 206-bp 5= noncoding sequence of spxB). spxB was among the pneumococcal genes with the highest transcription levels under this growth condition in our earlier RNA-Seq experiment ( Fig. 2A ; Table S2 ). The effect of ptvR on protein production of PtvB was assessed by immunoblotting with an antiserum against PtvB. The PtvB protein was completely undetectable in the ptvR-C null strain TH4741 (missing the operon comprising ptvR to ptvC and the genetic material between the two genes, i.e., including ptvA and ptvB) (Fig. 2F , lane 1) but was weakly detected in the parental strain (Fig. 2F , lane 2), indicating weak constitutive expression of PtvB, consistent with the result of the luciferase assay shown in Fig. 2D . While the protein remained visible in the presence of the empty vector (pIB166), it became completely undetectable in the presence of the ptvR complementation construct (Fig. 2F, lanes 3 and 4) . This result indicated that overexpression of PtvR from the P-spxB promoter further repressed the expression of the operon, and the low level of the PtvB protein in strain D39 represented basal expression of ptvB caused by incomplete repression by PtvR. Moreover, the ΔptvR mutant strain (TH5031) showed a substantially higher level of PtvB than the parent strain in the absence of episomally encoded ptvR (Fig. 2F , lanes 5 and 6). ptvR complementation from the replicative plasmid completely blocked the expression of the PtvB protein, even in the absence of the endogenous chromosomal copy of ptvR (Fig. 2F, lane 7) . Taken together, these results demonstrated that PtvR represses the transcription of the ptv genes.
The ptv promoter is required for PtvR-mediated transcriptional repression. To assess the role of the ptv promoter in PtvR-mediated transcriptional repression, we constructed a promoter replacement derivative in strain D39 in which the ptv promoter was separated from the downstream coding region by inserting the spxB promoter immediately upstream of the ptvR start codon (strains TH5204 and TH5205) ( Fig. 3A ). We reasoned that insertion of an exogenous promoter immediately upstream of the ptvR start codon would separate the potential cis-acting regulatory/promoter sequence of the operon from the ptv coding region and thereby abolish the repressive impact of PtvR on expression of the ptv operon. The qRT-PCR analysis of TH5204 and TH5205, two clones of the resulting strain, showed a dramatic increase in transcription levels of ptvR (15.7-fold), ptvA (15.3-fold), ptvB (20.8-fold), and ptvC (29.2-fold) in both clonal derivatives of D39s (Fig. 3A) . The insertion of the spxB promoter also led to a substantial increase in the amount of the PtvB protein above that in the parental strain D39s (Fig.  3B) . In contrast to the repressive effect of the PtvR complementation construct on the expression of PtvB in D39s and its ptvR-deficient mutant, TH5031 ( Fig. 2F ), the same construct caused no obvious repression on the expression of PtvB in the promoterbypassing derivative TH5204 of D39s ( Fig. 3C ). Together with the RNA-Seq data, these results demonstrated that the ptv promoter region is crucial for the PtvR-mediated transcriptional repression in the ptv locus. Because ptvR shares the same promoter with the three downstream genes (ptvA to -C), this finding also revealed that PtvR represses the transcription of its own coding region, an autoregulation mechanism in this locus.
Transcriptional derepression of the ptvABC genes significantly enhances pneumococcal tolerance to vancomycin. Based on the transcriptional induction of the ptv genes by vancomycin ( Fig. 1) (43), we tested the contribution of this operon to pneumococcal tolerance to vancomycin. The survival rates of mutant strain ΔptvR (TH5031) and promoter-bypassing (TH5204) derivatives of D39s were compared with the parent strain upon exposure to vancomycin (5 g/ml, 10 times the MIC), a condition that was used in previous studies (30) . While both mutant strains with increased ptvABC expression displayed virtually identical growth kinetics as the wild-type D39 in the absence of vancomycin ( Fig. 4A , 0 g/ml), they showed significantly lower levels of vancomycin-induced autolysis, as reflected by the differences in the culture turbidity after addition of vancomycin ( Fig. 4A , 5 g/ml). In addition, the mutant strains displayed significantly higher levels of viable bacteria in the presence of vancomycin for 12 h; no viable pneumococci were detected for any of the three strains after a 16-hour incubation ( Fig. 4B , 5 g/ml). At 6 h, the survival rates of TH5031 and TH5204 were higher than that of D39s by 13-and 20-fold, respectively ( Fig. 4B ). These data indicated that expression of the ptvABC operon is able to enhance the ability of S. pneumoniae D39 to tolerate a lethal dose of vancomycin.
We further determined the impact of different drug concentrations on the ptvdependent tolerance to vancomycin. Exposure of pneumococci to 0 g/ml (Fig. S2A) or a low concentration of vancomycin (1 g/ml, 2 times the MIC) ( Fig. S2A ) did not yield an obvious impact on culture turbidity for any of the three strains, whereas higher doses of the drug (3, 5, and 10 g/ml) ( Fig. S2A ) revealed substantial but similar levels of enhancement in vancomycin tolerance for the ptvR-null (TH5031) and ptvRbypassing (TH5204) derivatives of D39. We also observed a similar level of increased vancomycin tolerance, based on culture turbidity detection, for the ptv overexpression strains (TH5031and TH5204) with pneumococcal cultures at the exponential phase (optical density at 620 nm [OD 620 ], 0.15) or stationary phase (OD 620 , 1.0) (data not shown). These results suggested that the ptv locus enhances pneumococcal tolerance to high doses of vancomycin in a drug concentration-and growth phase-independent manner.
To determine the individual impact of ptvA, ptvB, and ptvC on pneumococcal tolerance to vancomycin, we constructed an unmarked in-frame deletion of each gene in the TH5031 (ΔptvR) background and tested the survival capability of each resulting mutant in the presence or absence of vancomycin. Consistent with the aforementioned results ( Fig. 4A and B) , the ptvR-deficient strain TH5031 was significantly less susceptible to vancomycin (Fig. 4C ). However, the enhanced tolerance to vancomycin was abolished in the mutant strain lacking both ptvA and ptvR (TH6916) after 2 h of treatment with a lethal dose of vancomycin. A similar but more pronounced reduction in vancomycin tolerance was observed with the ΔptvC ΔptvR mutant strain (TH6856) and its derivatives lacking ptvR (TH5031) or with insertion of the spxB promoter upstream of ptvR (TH5204) in THY broth were mixed with vancomycin to a final concentration of 5 g/ml. The culture turbidity was monitored by spectrophotometry immediately before (0 h) and after the addition of vancomycin every 0.5 h for 16 h. (B) Survival rates of strain D39s and its derivatives with the derepressed ptv operon in the presence of vancomycin. The experiement was the same as that shown in panel A, except we plated cultures on blood agar dishes at various time points before (0 h) and after (1 to 16 h) the addition of vancomycin. The survival rate represents the CFU ratio of the same cultures before and after addition of vancomycin. The dashed line represents the limit of detection. Asterisks indicate significant increases for strains TH5204 and TH5031 over strain D39s in survival after vancomycin treatment. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. (C) Specific contributions of ptvA, ptvB, and ptvC to vancomycin tolerance of S. pneumoniae. D39s and its mutants with an unmarked in-frame deletion(s) of ptvR (TH5031), ptvR and ptvA (TH6916), ptvR and ptvB (TH6868), and ptvR and ptvC (TH6856) were evaluated for their survival rates after treatment with vancomycin for 1 to 6 h, with results displayed as in panel B. throughout the course of the test (Fig. 4C ). The ΔptvB ΔptvR mutant strain (TH6868) had the weakest phenotype with regard to vancomycin tolerance among the three mutant strains. The drug tolerance level of TH6868 remained comparable with or marginally different from that of TH5031 (ΔptvR) at the early time points (hours 1 to 4) but became similar to those of the ΔptvA ΔptvR (TH6916) and ΔptvC ΔptvR (TH6856) mutant strains at the last two time points. These results indicated that the ptvA, ptvB, and ptvC genes are all required for pneumococcal tolerance to vancomycin once the operon is transcriptionally derepressed.
Because the expression of the ptvABC genes significantly enhanced the pneumococcal tolerance to vancomycin ( Fig. 4) , we wondered if this function is applicable to tolerance to other antibiotics. This possibility was tested by comparing the survival rates of D39s and its ΔptvR mutant TH5031 in the presence of lethal doses of penicillin, ampicillin, chloramphenicol, and erythromycin. While no significant difference was observed between TH5031 and the wild-type strain in the presence of penicillin or ampicillin, the ΔptvR mutant showed significantly higher survival rates in the presence of chloramphenicol at the late time points (Fig. S3 ). Lastly, the experiment with erythromycin yielded a similar difference between TH5031 and the wild-type strain at most of the time points ( Fig. S3 ). These results indicated that expression of the ptvABC genes enhances pneumococcal tolerance to certain nonvancomycin antibiotics (e.g., chloramphenicol and erythromycin) but not others (e.g., penicillin and ampicillin). It is worthwhile to mention that ptvR deletion had a much weaker impact on pneumococcal tolerance to chloramphenicol and erythromycin compared with vancomycin. The differences in survival rates were all within 1.5-fold between the chloramphenicol-or erythromycin-treated ΔptvR mutant strain and the parent strain.
Transcriptional induction of the ptv operon by vancomycin depends on PtvR. To test whether PtvR is involved in transcriptional induction of the ptv operon by vancomycin, we tested the impact of vancomycin on the transcription of the ptv locus in the presence (Fig. 5A ) or absence ( Fig. 5B ) of ptvR. Vancomycin was mixed with the duplicate cultures of strains with (TH9753) or without (TH9754) ptvR to final concentrations of 0 to 5 g/ml. While treatment with 0.05 g/ml vancomycin did not make any obvious difference in the luciferase activity, similar treatment with higher concentrations of the drug (0.5 g/ml, 2.5 g/ml, and 5 g/ml) resulted in a significant increase in the reporter value ( Fig. 5A ). This result revealed that transcription of the ptv locus is induced by vancomycin when the concentration of the drug is near the MIC value (0.5 g/ml). In sharp contrast, the isogenic ΔptvR derivative (TH9754) of D39 did not show any increase in the luciferase activity with any of the concentrations of vancomycin tested in this experiment ( Fig. 5B ). Moreover, the concentrations of vancomycin that induced transcription of the ptv locus also inhibited pneumococcal growth (the OD 595 ) in both reporter strains. This result provides an association between vancomycinmediated abnormality in cellular structure/metabolism and transcriptional induction of the ptv operon. Together, we conclude from these results that transcriptional induction of the ptv operon by vancomycin requires the transcriptional repressor PtvR of this locus.
We tested the impact of vancomycin induction on drug tolerance of the wild-type D39 strain because treatment with certain concentrations of vancomycin (0.5 to 5 g/ml) significantly induced transcription of the ptv operon ( Fig. 5A ). Before being exposed to a high concentration of vancomycin (5 g/ml), D39s and its ptv derivatives were first treated with 0.5 g/ml vancomycin (the MIC value), a concentration inducing the highest transcription of the ptv operon with a modest inhibition of bacterial growth (Fig. 5A) . Consistent with the prior observation ( Fig. 4) , the ptvR-bypassing strain (TH5204, P-spxB) showed significantly enhanced tolerance to vancomycin after being pretreated with a low dose of vancomycin. However, the pretreated wild-type D39 displayed similar killing kinetics as the ptv-null mutant in terms of both antibioticinduced autolysis (Fig. S4A ) and survival rate (Fig. S4B ). This result suggests that vancomycin is not a natural inducer of this operon.
PtvR recognizes the ptv promoter by binding to two palindromic sequences. To investigate whether PtvR realizes its repressor function through direct interaction with the ptv promoter, we characterized the promoter and its physical affinity to PtvR. We initially determined the transcriptional start site of the ptv operon by 5= rapid amplification of cDNA ends (5= RACE). This sequence was mapped to the 48th T nucleotide upstream of the ptvR start codon (Fig. 6A) . The upstream region of the start site contains sequence elements that somewhat resemble canonical Ϫ35 (5=-TTGACA-3=) and Ϫ10 (5=-TACAAT-3=) promoter motifs. To detect a potential physical interaction of PtvR with the promoter sequence, we performed an electrophoretic mobility shift assay (EMSA) with His-tagged recombinant PtvR and a Cy3-labeled ptv promoter (a 234-bp sequence spanning the translational start codon of ptvR [ Fig. 6A] ). Addition of Histagged PtvR (PtvR-His) led to an obvious mobility shift of the ptv promoter sequence in a dose-dependent manner, which was indicative of direct binding of the ptv promoter with the repressor (Fig. 6B, lanes 1 to 4) . Furthermore, the mobility shift of the DNA fragment was blocked by adding excess unlabeled ptv promoter sequence (P ptv ) but not by the spxB promoter sequence (P spxB ). Multiple bands were observed with the reaction mixtures that contained lower PtvR concentrations (e.g., 0.13 and 0.25 M), which may have been caused by variabilities in the number of PtvR proteins bound to the promoter sequence, as described previously for the promoter-PadR interaction in Bacillus subtilis (48) . The EMSA result revealed that PtvR is able to bind to the ptv promoter sequence.
Sequence analysis revealed two 36-bp palindromic sequences (P1 and P2) in the ptv promoter ( Fig. 6A ). P1 and P2 are separated by a 36-bp sequence (Fig. 6A ). While P1 is located 5 bp upstream of the predicted Ϫ35 promoter motif, P2 is found 2 bp downstream of the Ϫ10 promoter motif. Interestingly, P2 overlaps with the transcriptional start site. P1 and P2 also share a 24-bp repeat sequence, with only a 1-nucleotide discrepancy (Fig. 6C, underlined) . We further determined the PtvR-binding sequence motifs in the ptv promoter sequence by performing EMSAs with 5 segments of this region: S1 (46 bp), P1 (36 bp), S2 (36 bp), P2 (36 bp), and S3 (80 bp). P1 and P2, along with the full-length ptv promoter sequence (as a positive control), showed a dramatic shift in the presence of PtvR, whereas individually mixing PtvR with each of the three spacing DNA fragments (S1, S2, and S3) did not result in an apparent shift (Fig. 6D ). All together, these results showed that PtvR specifically binds to the ptv promoter by recognizing the P1 and P2 palindromic sequences.
DISCUSSION
Previous studies have implicated that phenotypic tolerance of S. pneumoniae and other pathogenic bacteria can significantly affect clinical treatment of the infections caused by these pathogens (4, 37) . While phenotypic antibiotic tolerance has been well characterized as a property of persisters in E. coli (4, 10) , the genetic basis of phenotypic antibiotic tolerance in S. pneumoniae is currently unknown. This study shows that the ptv operon of S. pneumoniae contributes to phenotypic tolerance to vancomycin in an inducible manner. Exposure of the pneumococci to vancomycin led to a significant increase in the transcription of this operon. RNA-Seq analysis and subsequent experiments revealed that the operon is autoregulated by PtvR, which is encoded by ptvR, the first gene of the operon. Full derepression of the ptv locus enabled pneumococci to become tolerant to vancomycin at a level as high as 10 g/ml, a concentration exceeding what is clinically achievable in cerebral spinal fluid (5 g/ml) (49) . Vancomycin is frequently used to treat bacterial meningitis caused by ␤-lactam-resistant S. pneumoniae (31) . Interestingly, further analysis showed that the vancomycin-induced upregulation of the ptv operon relies on PtvR. These lines of evidence suggest that the ptv operon could contribute to phenotypic tolerance to vancomycin of S. pneumoniae in an inducible fashion, and the induction of the ptv operon is achieved by derepression of PtvR-mediated autoregulation in response to an unknown environmental cue(s). To the best of our knowledge, the ptv operon represents the first autoregulated locus in S. pneumoniae that contributes to phenotypic antibiotic tolerance.
The transcriptional repression activity of PtvR agrees with its sequence homology, with many DNA-binding transcriptional regulators of the PadR family (Pfam accession PF03551). PadR represses transcription of the phenolic acid detoxification locus in B. subtilis and several other Gram-positive bacteria (50) (51) (52) . Other members of this protein family are shown to regulate diverse processes, including multidrug resistance (53-55), virulence (56) , and cellular metabolism (57, 58) . Many PadR family regulators repress the transcription of the target genes by binding to specific sequences of the promoter regions with a conserved N-terminal winged helix-turn-helix domain and thereby blocking the promoter-RNA polymerase interactions in the absence of inducers (e.g., phenolic acid and antibiotic) (46, 59) . Transcriptional derepression occurs when the regulator "falls off" the target DNA sequence after binding to the cognate inducers (e.g., phenolic acid and other toxic compounds) (46, 59) . The four copies of the B. subtilis PadR repressor are predicted to bind to four different sequence motifs in each promoter sequence of the phenolic acid response gene locus in the absence of phenolic acid (inducer) (48) . PtvR showed 36% identity with LmrR, a PadR family protein studied structurally and functionally (55, 59) . Further investigation on PtvR in this study showed that PtvR binds to two palindromic sequences (P1 and P2) in the ptv promoter, each of which contains two inverted repeats. Interestingly, P1 is located 5 bp upstream of the predicted Ϫ35 promoter motif, and P2 overlaps with the transcriptional start site. P1 and P2 also share a 24-bp repeat sequence with only a 1-nucleotide discrepancy (Fig. 6 ). PtvR contains a C-terminal alpha-helix motif that can form a dimer, and our gel filtration result confirmed the existence of the PtvR dimer (data not shown), similar to LmrR (59) . Taken together, all of the above observations indicate that each ptv promoter may recruit four copies of the apo form of PtvR, which would prevent RNA polymerase from accessing the major promoter motifs (Ϫ35 sequence, Ϫ10 sequence, and transcriptional start site).
PtvA, PtvB, and PtvC are all predicted to be associated with the cell membrane of S. pneumoniae. PtvA and PtvB are annotated as conserved hypothetical proteins in the genome of D39. While PtvA is homologous to many uncharacterized membrane proteins without any obvious function, the first half of PtvB contains a domain of unknown function (DUF4098) shared by many bacterial proteins. PtvC is annotated as a putative membrane protein with significant similarity with the merozoite surface protein in Plasmodium falciparum (60) . Because individual deletion of ptvA, ptvB, or ptvC resulted in reduction of vancomycin tolerance and they all contain predicted transmembrane domains, it is tempting to hypothesize that PtvA, PtvB, and PtvC could cooperatively contribute to antibiotic tolerance by modulating the properties of the pneumococcal cell membrane through formation of a membrane-associated structure(s) or modification of unknown membrane molecules. As an example, changes in the cell surface charge are associated with reversible tolerance of S. aureus to antibiotics (23) .
An unknown molecule other than vancomycin may act as the natural inducer(s) that directly interacts with PtvR to derepress the transcription of the operon when pneumococci are under stressful conditions, such as those caused by lysozyme and antimicrobial peptides produced by the host. These enzymes and peptides often damage the cell wall or even form pores in the bacterial cell membrane and might influence the proton motive force that then triggers expression of the ptv operon. Along this line, the transcriptional derepression of the ptv locus upon vancomycin exposure may reflect a response to cell envelope stress caused by the antibiotic. This hypothesis is supported by multiple lines of evidence. First, vancomycin treatment led to partial derepression of the operon compared with full derepression by the deletion of ptvR. This result is consistent with our observation that inducing the ptv operon by pretreatment with vancomycin did not lead to obvious enhancement in vancomycin tolerance of the wild-type strain D39. Second, vancomycin does not effectively penetrate cell membranes, which explains its poor efficacy against Gram-negative bacteria and intracellular S. aureus (61, 62) . Therefore, vancomycin is unlikely to interact directly with PtvR, which is presumably located in the cytoplasm of the pneumococci. Lastly, addition of vancomycin in the EMSA did not influence the binding of PtvR to the ptv promoter (data not shown). This result argues for a scenario in which the ptv locus is responsive to multiple stress conditions. This notion is also supported by a previous report that the transcription of the genes in the ptv locus is significantly repressed when S. pneumoniae is exposed to acidic conditions (63) .
The phenotypic antibiotic tolerance regulated by PtvR differs from antibiotic tolerance of the persisters, as defined in Gram-negative bacteria (4, 10) . The tolerance of persisters to bactericidal antibiotics appears to occur in a drug-independent manner (11) . However, among the antibiotics tested in this study, the tolerance mediated by the ptv operon was most effective for vancomycin and, to a much lesser extent, toward chloramphenicol and erythromycin. In an opposite manner, the expression of the ptv operon did not affect pneumococcal susceptibility to penicillin and ampicillin. These results implicate that vancomycin and ␤-lactams kill pneumococci by different mechanisms, although the LytA autolysin is required for the bactericidal activities of both vancomycin and penicillin (27, 64) . Alternatively, persisters in Gram-negative and -positive bacteria may be formed through different mechanisms, and/or behave differently in terms of tolerance efficacy to different bactericidal drugs, as evidenced in a recent study of persister cells in Staphylococcus aureus (22) . Taken together, future investigations are warranted to decipher whether (i) induction of the ptv operon by a natural signal(s) confers vancomycin tolerance in wild-type pneumococci, (ii) the increased vancomycin tolerance observed in the ptv derepression/overexpression strains is related to LytA, (iii) induction of this operon is mechanistically related to the drug tolerance of typical persisters.
The four genes in the ptv operon not only are conserved in all S. pneumoniae strains tested thus far but also exist in many other Streptococcus species as partial or complete gene sets. There is a complete set of ptvRABC in each of eight Streptococcus species that are closely related to S. pneumoniae, known as the "great mitis group" (S. pseudopneumoniae, S. mitis, S. oralis, S. infantis, S. dentisani, S. peroris, S. tigurinus, and S. parasanguinis). Many other Streptococcus species possess only ptvR and ptvA (and not ptvB and ptvC), including the human pathogens S. pyogenes and S. suis. The partial presence of ptvR and ptvA in the majority of Streptococcus species indicates that PtvA can function in the absence of PtvB and PtvC, or it has evolved to partner with other proteins in these species. The conservative nature of this locus implies that the ptv genes are important for the fitness of this genus, perhaps in coping with antibiotics and/or other stressful agents. The phylogenetic-dependent distribution of the ptv genes may reflect variable functional contributions of this locus to the dynamic lifestyles of different Streptococcus species.
MATERIALS AND METHODS
Bacteria and chemical reagents. The strains and plasmids used in this study are listed in Table 1 . The pneumococci were grown at 37°C under aerobic conditions with 5% CO 2 in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) broth or on plates containing Trypticase soy agar with 5% sheep blood, as described previously (65) . For the luciferase assay, CϩY medium (66) was used instead of THY broth. Escherichia coli was cultured in LB medium or on LB agar plates at 37°C under aerobic conditions in the presence or absence of chloramphenicol (20 g/ml) or ampicillin (100 g/ml) as described previously (67) . All ingredients for bacterial culture media and other chemicals used in this work were obtained from Sigma (Shanghai, China) unless otherwise stated. All DNA enzymes were purchased from New England BioLabs (NEB; Beijing, China). All oligonucleotides were synthesized by Sangon Biotech (Beijing, China) and are listed in Table S1 in the supplemental material.
Construction of pneumococcal mutants and the ptvR complementation construct. All of the pneumococcal mutant strains were constructed in D39s, a streptomycin-resistant derivative of strain D39, as described previously (65) . The replacement mutant TH4737 of the ptvR-C operon region was generated by amplifying the up-and downstream regions with the primer pairs Pr7187/Pr7188 and Pr7197/ Pr7198, digesting the amplicons with XbaI and XhoI, and ligating the resulting PCR products to the XbaI/XhoI-digested amplicon of the Janus cassette (JC; kan-rpsL ϩ ) before being used to transform strain TH4527 (D39s) as described previously (68) . JC was amplified from S. pneumoniae ST588 (65) with primers Pr1097 and Pr1098. The unmarked ptv operon deletion mutant strain TH4741 was constructed by a counterselection method (68) through transformation of TH4737 with a fusion PCR product of two separate PCR amplicons, which was generated by amplifying the up-and downstream sequences of ptvR-C with the primer pairs of Pr7187/Pr7275 and Pr7276/Pr7198, respectively, and ligating the amplicons by fusion PCR with the most-upstream (Pr7187) and most-downstream (Pr7198) primers as described previously (65) . The same procedure was used to generate sequentially the JC replacement and unmarked deletion mutants in other target sequences. The JC replacement (TH4631) and unmarked (TH5031) mutant strains for ptvR were prepared with primer sets Pr7189/Pr7190 with Pr7187/Pr7188 and Pr7187/Pr7207 with Pr7190/Pr7208, respectively. The JC replacement mutants in the downstream genes were generated in the TH5031 background in a similar manner with primer sets of Pr7195/Pr7196 with Pr7197/Pr7198 (TH6854; ΔptvC::JC ΔptvR), Pr8515/Pr8516 with Pr8517/Pr8518 (TH6855; ΔptvB::JC ΔptvR), and Pr8551/Pr8550 with Pr8514/Pr8513 (TH6910; ΔptvA::JC ΔptvR). The counterselections were carried out to remove JC in the replacement strains and create unmarked deletion mutants with the fusion PCR products amplified with the primer sets of Pr7195/Pr7212 and Pr7213/Pr7198 (TH6856; ΔptvC ΔptvR), Pr8515/Pr8522 and Pr8518/Pr8521 (TH6868; ΔptvB ΔptvR), and Pr8551/Pr8548 and Pr8547/Pr8514 (TH6916; ΔptvA ΔptvR). The spxB promoter insertion strains TH5204 and TH5205 were generated as follows. The upstream sequence of the ptvR start codon and the ptvR coding region were amplified with primer pairs Pr8059/Pr8060 and Pr8061/Pr8062, digested with XbaI and XhoI, and ligated to the XbaI/XhoI-digested amplicon of JC as described above. Transformation of the ligation product into D39s resulted in strain TH5139, which was subsequently used to knock-in the spxB promoter (P-spxB) in front of the ptvR start codon. The P-spxB and ptvR coding region were separately amplified from genomic DNA of D39 with primer sets of Pr8065/Pr8139 and Pr8064/Pr8062, respectively, and subsequently linked by overlap PCR using primers Pr8139 and Pr8062. The P-spxB-ptvR amplicon was digested with XhoI and then ligated with the XhoI-digested amplicon of the sequence immediately upstream of the ptvR start codon (amplified with primers Pr8059 and Pr8121). The ligation product was used for transformation of TH5139 to generate strains TH5204 and TH5205 by counterselection.
The spxB promoter-driven complementation construct pTH6862 was prepared in the E. coli-Streptococcus shuttle vector pIB166 (69) by amplifying the hybrid sequence of the spxB promoter and ptvR coding region from genomic DNA of TH5204, using primers Pr10379 and Pr10380 and cloning the amplicon in the XmaI/ApaI site of pIB166. All of the resulting mutant strains and plasmids were confirmed by DNA sequencing.
For construction of luciferase reporter strains, the luc gene insertion fragment was generated as follows: first, a DNA fragment containing luc and kanamycin resistance marker was amplified from genomic DNA of MK134 (70) with primers Pr12576 and Pr12577, followed by BglII and NotI digestion. Second, upstream and downstream fragments of the insertion site were amplified from the genomic DNA of strain D39 with primer pairs Pr12578/Pr12579 and Pr12580/Pr12581, followed by BglII and NotI digestion, respectively. Finally, the three fragments were ligated before the entire fragment was transformed into strains TH4527 and TH5031, generating strains TH9753 and TH9754, respectively. Based on strains TH9753 and TH9754, complementation strains of ptvR, TH9755 and TH9756, were constructed as follows: ptvR was amplified with primers Pr12382 and Pr12583 from genomic DNA of D39, followed by digestion with EcoRI and SpeI. The digested PCR fragment was subcloned into pMK11 (71) and transformed into TH9753 and TH9754, resulting in TH9755 and TH9756, respectively.
RNA extraction and transcriptome analysis. Total RNA was isolated from mid-log-phase cultures of S. pneumoniae (OD 620 , ϳ0.5) with TRIzol reagent (Invitrogen, Beijing, China) based on the supplier's instructions. The amount, purity, and integrity of all RNA samples isolated were assessed by standard RNA gel electrophoresis (72) , detection of the A 260 /A 280 ratio by using a ThermoFisher Scientific Nanodrop 2000 spectrophotometer and Agilent 2100 BioAnalyzer. RNA-Seq was carried out using the Illumina Hiseq 2500 sequencer at the Tsinghua University Genomics Center according to the manufacturer's instructions. Briefly, rRNA was removed from total RNA (ϳ2 g) with the RiboZero magnetic kit (EpiCentre, Cleveland, OH). The processed RNA samples were used to prepare double-stranded cDNA libraries with Moloney murine leukemia virus reverse transcriptase and the NEBNext mRNA secondstrand synthesis module (27) . The cDNA molecules were fragmented by sonication and further processed for end repair, adaptor attachment, and sequence amplification. The quality of the raw reads was checked by using FastQC v.0.11.5 (Babraham Bioinformatics, UK) followed by read trimming with Trimmomatic v.0.32. Trimmed reads were mapped to the reference genome of S. pneumoniae D39 (NC_008533) by using Rockhopper 2.0.3. The complete RNA-Seq result is described in Table S2 in the supplemental material.
Intergenic PCR and qRT-PCR. The cotranscription of the ptvR-C genes was assessed by intergenic RT-PCR as described previously (73) . A cDNA library was prepared using the total RNA of S. pneumoniae D39 (described above) with an iScript cDNA synthesis kit (Bio-Rad, Beijing, China) according to the supplier's instructions and used to amplify the intergenic regions of the ptvR-C genes with the following primer pairs: ptvR-ptvA (Pr7879/Pr7880), ptvA-ptvB (Pr7881/Pr7882), and ptvB-ptvC (Pr7883/Pr7884). A negative control was included for each reaction mixture, with a mixture without reverse transcriptase as a template.
The ptv transcripts were quantified by qRT-PCR using Taq Universal SYBR green supermix (Bio-Rad) as described previously (74) with the following primer pairs: ptvR (Pr7878/Pr7979), ptvA (Pr7881/Pr8202), ptvB (Pr8203/Pr7891), and ptvC (Pr7893/Pr8201). The S. pneumoniae era gene was amplified with primers Pr7932 and Pr7933 as a reference for quantification. The expression level of each target gene was calculated using the average mean cycle threshold value (C T ) for the genes of interest for each sample and normalized to the value with the reference gene, according to the following equation: 1.8e (CT era Ϫ CT gene of interest) . The relative gene transcription levels of each gene after a 10-or 20-min treatment with vancomycin were obtained by dividing data by the expression values for untreated cells. The results of representative experiments are presented as means from three replicates Ϯ standard deviations.
5=-RACE. The 5= terminus of mRNA or the transcriptional start site of the ptvR-C operon was identified by 5=-rapid amplification of cDNA ends (5=-RACE), using the SMARTer RACE 5=/3= kit (Clontech, Mountain View, CA) as instructed by the supplier. A cDNA library was prepared with 1 g of total RNA of S. pneumoniae D39, with SMARTScribe reverse transcriptase as described previously (75) , and used to amplify the 5= terminus of the ptvR transcript with primer Pr10383 and a universal primer. The PCR product was cloned into pRACE.
Immunoblotting. Bacterial proteins were detected by immunoblotting as described previously (65) . Pneumococcal cultures were grown in THY broth to mid-log phase (OD 620 of ϳ0.5). The cells were harvested by centrifugation at 4°C and washed with cold phosphate-buffered saline (PBS) before being processed for cell lysis, SDS-PAGE, and immunoblotting. The PtvB and SpxB proteins were detected with polyclonal antisera prepared for this study (1:2,000 dilution of anti-PtvB serum and 1:30,000 dilution of anti-SpxB serum), with a peroxidase-conjugated secondary goat anti-rabbit IgG at a dilution of 1:10,000 (Bio-Rad). Protein bands were visualized by the Clarity Western enhanced chemiluminescence reagent (Bio-Rad) according to the supplier's instructions.
The antisera against PtvB and SpxB were prepared with recombinant forms of the proteins in New Zealand White rabbits, essentially as described previously (76) . PtvB and SpxB were expressed as glutathione S-transferase (GST) (67) fusion proteins in E. coli cells by amplifying their coding regions from D39 genomic DNA with the primer sets Pr2773/Pr2774 (PtvB) and Pr3129/Pr3130 (SpxB) and cloning each of the PCR products in the NotI/AscI site of plasmid pTH2700 (Table 1) , a modified pGEX-2T plasmid with additional cloning sites. pTH2700 was constructed by insertion of a multiple-cloning site (MCS) sequence into the BamHI/EcoRI site of pGEX-2T (GE Healthcare BioScience, Piscataway, NJ). The MCS fragment was generated by annealing reverse complementary oligonucleotides Pr3110 and Pr3111. The resulting plasmids pTH2604 (PtvB) and pTH2760 (SpxB) were used to produce recombinant proteins by affinity chromatography with glutathione-Sepharose 4 Fast Flow resins (GE Healthcare BioSciences) according to the supplier's instructions. The fusion proteins were visualized by SDS-PAGE, quantified with a bicinchoninic acid (BCA) assay kit (Solarbio, Beijing, China), and used to immunize rabbits for antiserum production. Immunoblotting detection of pneumococcal proteins was carried out as described previously (76) .
EMSA. The C-terminal His-tagged PtvR was expressed in E. coli Rosetta (strain TH5272) cells with recombinant plasmid pET22b::ptvR. To construct pET22b::ptvR, ptvR was amplified from genomic DNA of D39 with primers Pr8171 and Pr8172, digested with NdeI and XhoI, and ligated into similarly digested pET22b. The His-tagged PtvR was purified by affinity chromatography as described previously (77) . The 234-bp ptv promoter with and without Cy3 labeling at the 5= end was amplified with primer pairs Pr10024/Pr10025 and Pr10025/Pr12588, respectively, from genomic DNA of D39 and purified by gel extraction. The binding reaction was performed in a total volume of 20 l binding buffer essentially as described previously (48, 78) . Briefly, His-tagged PtvR and each of the promoter sequences were used at the final concentrations described in Results. For the Cy3-labeled DNA, the promoter sequence of ptv (P ptv ) or spxB (P spxB ) was added to a final concentration of 0.5 M as a competitive DNA. P spxB was amplified with primers Pr12584 and Pr12585 from genomic DNA of D39. After 20 min of incubation at 28°C, the samples were processed in 6% polyacrylamide gels to separate the free DNA and that bound to PtvR, and samples were scanned with a Fuji LAS-4000 fluorescence imaging system. Similar procedures were used for an electrophoretic mobility shift assay (EMSA) with the ptv promoter segments, with the following exceptions: (i) higher concentrations of PtvR (50 M) and target sequences (5 M), (ii) use of unlabeled DNA fragments, and (iii) detection of DNA by staining with GelRed and scanning with a Bio-Rad molecular imager ChemiDoc XRS system. Target sequences for EMSA were initially synthesized as single-stranded oligonucleotides and subsequently annealed as double-stranded DNA fragments: P1 (Pr10657 and Pr10658), P2 (Pr10661 and Pr10662), S1 (Pr10655 and Pr10656), S2 (Pr10659 and Pr10660), and S3 (Pr10663 and Pr10664), as described previously (67) .
Luciferase assay. Luciferase activity was detected as described previously (47) . Briefly, pneumococci were cultured in CϩY broth to an OD 600 of 0.1, followed by 1:10 dilution into fresh CϩY medium with or without 0.1 mM ZnCl 2 -0.01 mM MnCl 2 . To detect induction of ptv by vancomycin, pneumococci were similarly cultured to an OD 600 of 0.4, followed by addition of vancomycin to different final concentrations. Each bacterial culture (250 l) was mixed with 50 l of luciferin solution (2.7 mg/ml; D-luciferin sodium salt from Synchem OHG) in 96-well plates in triplicates. The optical density at 595 nm and luminescence were detected by using a Tecan Infinite F200 Pro microtiter plate reader.
Antibiotic tolerance assay. Antibiotic tolerance of S. pneumoniae was assessed essentially as described previously (30) . Pneumococci were grown to an OD 620 of 0.2 (early log phase) or 0.5 (late log phase) in THY broth. Aliquots of the cultures were mixed with each of the following antibiotics: vancomycin (5 g/ml), penicillin (0.12 g/ml), ampicillin (0.5 g/ml), chloramphenicol (10 g/ml), or erythromycin (0.6 g/ml). Culture turbidity and bacterial viability were monitored every hour by measuring optical density (OD 620 ) and plating for CFU. The level of antibiotic tolerance was calculated by comparing the mean values of four replicates immediately before and at different time points after the addition of each antibiotic.
